INTRODUCTION
The Mediterranean Sea is a hotspot of marine biodiversity with >17,000 reported marine species, of which approximately one fifth are considered to be endemic . Such increased endemism and high species richness makes the Mediterranean Sea one of the world's biodiversity hotspots (Lejeusne et al., 2010) . However, Mediterranean marine ecoregions are amongst the most impacted ecoregions globally (Halpern et al., 2008; Costello et al., 2010) , due to increasing levels of human threats that affect all levels of biodiversity (Mouillot et al., 2011; Coll et al., 2012; Micheli et al., 2013) , severe impacts from climate change (Lejeusne et al., 2010) , and biological invasions (Zenetos et al., 2012; Katsanevakis et al., 2013) .
Introduction of marine alien species in the Mediterranean Sea has been fostered by the opening of the Suez Canal, fouling and ballast transportation along shipping routes, aquaculture, and aquarium trade (Zenetos et al., 2012; Katsanevakis et al., 2013) . Nearly 1000 marine alien species have been introduced in the Mediterranean up to now, of which more than half are considered to be established and spreading (Zenetos et al., 2010 (Zenetos et al., , 2012 . Marine alien species may become invasive and displace native species, cause the loss of native genotypes, modify habitats, change community structure, affect food-web properties and ecosystem processes, impede the provision of ecosystem services, impact human health, and cause substantial economic losses (Grosholz, 2002; Wallentinus and Nyberg, 2007; Molnar et al., 2008; Vilà et al., 2010; Katsanevakis et al., in press ). On the other hand many alien species have positive impacts on ecosystem services and biodiversity, e.g., by acting as ecosystem engineers and creating novel habitats, controlling other invasive species, providing food, and supporting ecosystem functioning in stressed or degraded ecosystems (Schlaepfer et al., 2011; Simberloff et al., 2013; Katsanevakis et al., in press) . Understanding the role of biological invasions in modifying biodiversity patterns and the functionality of ecosystems is a major challenge for marine ecosystems ecology (Borja, 2014) .
In the Mediterranean Sea, despite the variability in monitoring and reporting effort among countries and the gaps in our knowledge of alien species distribution, there is an enormous amount of information scattered in various databases, institutional repositories, and the literature (including single-or multi-species reviews). By harmonizing and integrating information that has often been collected based on different protocols and is distributed in various sources (Gatto et al., 2013) , the needed knowledge basis to assess the distribution and status of marine alien species can be built. Recently, the European Alien Species Information Network (EASIN; Katsanevakis et al., 2012) increased the accessibility to alien species spatial information by creating a network of interoperable web services through which data in distributed sources is accessed. Integrated distribution maps of single species or species aggregations can be easily produced with EASIN's freely available mapping tools.
Here, we utilize information on alien species distribution from EASIN to investigate the distribution patterns of marine alien species in the Mediterranean Sea, in relation to the main pathways of introduction. We investigate how specific human activities (opening of the Suez Canal, shipping, aquaculture) may shape the patterns of alien species distribution and consequently the overall biodiversity patterns in the Mediterranean Sea. We also compare the distributions of alien species with those of native ones to investigate differences in their patterns, and thus induced changes in pre-existing distribution patterns of native biodiversity.
MATERIALS AND METHODS
The EASIN alien species inventory was used (available online in:
http://easin.jrc.ec.europa.eu/use-easin/species-search/ combined-criteria-search) as of January 2014 (version 3.2 of the EASIN catalog). The link between alien species and pathways was based on Zenetos et al. (2012) and Katsanevakis et al. (2013) ; the pathway classification proposed by the latter authors was used herein. For each species one of the following uncertainty categories on the pathway(s) of introduction was adopted:
(1) There is direct evidence of a pathway/vector: The species was clearly associated to a specific pathway/vector at the time of introduction to a particular locality. This is the case e.g., in all intentional introductions (i.e., aquaculture/commodity) and in many cases of Lessepsian immigrants, when there was direct evidence of a gradual expansion along the Suez Canal and then in the localities around the exit of the Canal in the Mediterranean). (2) A most likely pathway/vector can be inferred: The species appears for the first time in a locality where a single pathway/vector(s) is known to operate and there is no other rational explanation for its presence except by this pathway/vector(s). This applies e.g., to many species introduced by shipping or as aquaculture contaminants. In many cases inference is based on known examples of introductions elsewhere for the same or similar species, the biology and ecology of the species, the habitats it occupies in both the native and introduced range, and its pattern of dispersal (if known), e.g., for a fouling species frequently recorded in/near ports, shipping has been assumed to be the most probable vector. (3) One or more possible pathways/vectors can be inferred: The species cannot be convincingly ascribed to a single pathway/vector. Inference is based on the activities in the locality where the species was found and may include evidence on similarly behaving species reported elsewhere. (4) Unknown: Where there is doubt as to any specific pathway explaining the arrival of the species.
Of the 986 species reported from the Mediterranean, 799 have been assigned to a single pathway, 114 have been assigned to two or more possible pathways, and the remaining 73 species have been classified as "unknown" (Zenetos et al., 2012) . In the present analysis of spatial distribution by pathway only species linked to a single pathway were included (i.e., species of uncertainty categories 1 and 2). Species of uncertainty category 3 were excluded from any pathway-specific analysis to avoid the distortion of pathway-related spatial patterns by erroneously including species that might actually have been introduced through another pathway. In the absence of a permanent monitoring network and of a biased effort favoring specific locations (e.g., ports, marinas, and aquaculture facilities), some uncertainty remains (especially for category 2 species). All alien species were included in all other analyses (non-pathway-specific).
The "Species Search/Mapping By Multiple Criteria" tool of EASIN was used to select and map species introduced in the Mediterranean by the three major pathways of introduction, i.e., (1) through the Suez Canal; (2) by shipping; and (3) by aquaculture (Figure 1) . The spatial data used herein through EASIN originate from the following sources: (1) the CIESM Atlas of Exotic Species (http://www.ciesm.org/online/atlas/index.htm); (2) the Global Biodiversity Information Facility (GBIF; http://www.gbif. org/); (3) the Global Invasive Species Information Network (GISIN; http://www.gisin.org); (4) the Regional Euro-Asian Biological Invasions Centre (REABIC; http://www.reabic.net/); (5) the Hellenic Network on Aquatic Invasive species (ELNAIS: https://services.ath.hcmr.gr/); and (6) EASIN-Lit (http://easin. jrc.ec.europa.eu/About/EASIN-Lit). EASIN-Lit is an EASIN product providing georeferenced records as retrieved from published literature (Trombetti et al., 2013) . For the present work, we used the current (as of January 2014) version of EASIN-Lit, including 227 publications (L00001-L00227; full references in http://easin.jrc.ec.europa.eu/About/EASIN-Lit).
To investigate spatial patterns in the composition of alien communities, we randomly "sampled" five sites in each of the seven Mediterranean ecoregions (sensu Spalding et al., 2007, i.e., Levantine, Aegean, Ionian, Adriatic, Tunisian plateau and Gulf of Sidra, western Mediterranean, Alboran Sea); only in the western Mediterranean ecoregion, seven sites were "sampled" due to its relatively larger size. In derogation of the random sampling approach, we included the Venice and the Thau lagoons, as these sites have been well-studied and highlighted in the literature as hotspots of alien species (Occhipinti Ambrogi, 2000; Boudouresque et al., 2011) . For each site (considered to be a 10 × 10 km quadrat), the list of recorded alien species was retrieved from EASIN (presence/absence data). Similarity patterns were explored through non-metric multidimensional scaling (nMDS; Kruskal, 1964) , based on a similarity matrix constructed using the Jaccard coefficient (Jaccard, 1901) . Permutational multivariate analysis of variance (Permanova; Anderson, 2001 ) was used to test for differences among ecoregions, using type III sum of squares and 999 random permutations of the appropriate units. The software Primer 6 was used for multivariate analysis (Clarke and Warwick, 2001 ) and Permanova+ v.1.0.3 for the PERMANOVA analysis.
We also included available data regarding the spatial distribution of native fish and invertebrate species described in the Mediterranean Sea (Coll et al., , 2012 to compare the spatial patterns of species richness between native and alien species. For fish species we used data available from the "Fishes of the Northern Atlantic and Mediterranean" (FNAM atlas; Whitehead et al., 1986) updated and integrated by Ben Rais Lasram and Mouillot (2009) and Coll et al. (2012) . Data on invertebrates were compiled from the Food and Agriculture Organization of the United Nations (FAO: www.fao.org/fishery/species/distribution) and the Sea Around Us (www.seaaroundus.org) databases (Coll et al., 2012) . To estimate the distribution of native species richness, we grouped all the species as the sum of the species co-occurring by overlapping distribution maps at fine-scale resolution (10 × 10 km).
We assessed the spatial congruence of native and alien species by calculating the correlation coefficient between the native and alien raster layers, i.e., the ratio of the covariance between the two layers divided by the product of their standard deviations. Only the cells adjacent to the coastline were included in this analysis, as alien species are generally concentrated in coastal and shelf waters (otherwise the overabundance of zero values in the offshore cells would mask any significant correlation). For this estimation, we used the Band Collection Statistics tool in ArcGis 10. The ratio of alien to native species richness was also estimated for each 10 × 10 km cell, as an indicator of the environmental impact of alien species (EC, 2010) .
RESULTS
A total of 420 species of uncertainty levels 1 and 2 have been introduced in the Mediterranean Sea through the Suez Canal. An aggregated map of these Lessepsian species (Figure 2) shows a characteristic pattern of high species richness in the south-eastern Levantine Sea, which declines anticlockwise along the coastline of the Levantine Sea and further westwards and northwards along the northern Mediterranean coast, and also westwards along the north-African coastline. In the Israeli coastline, species richness reaches a maximum of 129 species per 10 × 10 km cell (in the Haifa coastal area), while it is markedly lower in the Ionian Sea, the Adriatic Sea, and the western Mediterranean basin.
Shipping, through ballast waters and hull-fouling, was the most probable pathway for the introduction of 308 species (uncertainty levels 1 and 2). The distribution of these species (Figure 3) is strikingly different to the one of Lessepsian species. Hotspot areas include the north-western Mediterranean coastline from Martigues and Marseille (France) to Genova (Italy), eastern Sicily (Italy), the Saronikos, Thermaikos and Evvoikos Gulfs (Greece), and the coastlines of the eastern Levantine (SE Turkey, Syria, Israel, and Lebanon).
Through aquaculture, either as commodities or as contaminants, 64 species have been introduced in the Mediterranean Sea (uncertainty levels 1 and 2). Two main hotspot areas were identified, the Thau lagoon (Gulf of Lion, France), and the Venice lagoon (northern Adriatic, Italy) (Figure 4) . Most of species introduced through aquaculture are macrophytes (41 species) and invertebrates (14 species) that arrived as contaminants of shellfish. Richness of species introduced by aquaculture is quite low in the Near East and northern African coastlines, with the exception of northern Tunisia (Figure 4) .
There is a difference in the magnitude of species richness among the species introduced through the Suez Canal, shipping, and aquaculture (Figures 2-4) . Much higher maximum values of species richness per 10 ×10 km cell are reached for Lessepsian species than for species introduced through aquaculture and shipping, although the total number of species introduced via shipping is not much lower than those introduced through the Suez Canal. This indicates the higher contribution of Lessepsian species in the overall spatial pattern of species richness of all alien species.
Besides differences in the spatial patterns of species richness by pathway, varying patterns among the main taxonomic groups are also observed (Figure 5) . Alien fish richness is the highest in the Levantine and the southeastern part of the Aegean Sea and the lowest in the western and northern regions of the Mediterranean. For alien invertebrates, the spatial pattern of species richness is similar but there are some additional areas of increased richness such as the French coastline around the Thau lagoon, northern Adriatic, and eastern Sicily. Richness of alien macrophytes has a quite different spatial pattern, with increased richness in the western Mediterranean. These patterns are linked to the dominant pathways of introduction for each group, i.e., the Suez Canal for fish, aquaculture for macrophytes, and the Suez Canal but also shipping for invertebrates (Figure 5) .
Alien species composition differs among ecoregions (Figure 6 ). With the exception of the Venice lagoon (site 18) and the Thau lagoon (site 24) that appear more similar to each other than to other sites of the same ecoregions (western Mediterranean and Adriatic, respectively), sites from the same ecoregion appear close together in the nMDS plot. Excluding these two outliers (sites 18, 24), PERMANOVA showed significant differences among ecoregions (p < 0.001). Pairwise tests gave p-values <0.05 for all pairs of ecoregions except for Ionian-Adriatic (p = 0.06) and Alboran-western Mediterranean (p = 0.06). Similarity appears well-correlated to geographical distance, with sites of the Levantine being more similar to sites of the Tunisian plateau and Gulf of Sidra and the Aegean Sea than to sites of the Adriatic, western Mediterranean, and Alboran Sea. Sites of the latter ecoregions are grouped closely in the nMDS plot, while the Ionian Sea is in the middle of all other ecoregions, in conformity to its geographical location.
The biodiversity spatial pattern of native species (fish and invertebrates) differs to that of alien species (Figure 7) . The highest richness is observed in the Western Mediterranean Sea with a maximum of 391 species in a 10 ×10 km cell. Native species richness decreases from the north-western to the south-eastern regions of the basin, where a minimum value of 84 species is mapped. Native species richness is also higher in coastal and shelf areas, and decreases with depth. The correlation coefficient between alien and native species richness (in coastal areas) was −0.25 (significant, p < 0.001), thus the two distributions are negatively correlated.
The highest estimated values of the ratio of alien to native species richness are observed in the eastern Mediterranean (especially in the Levantine and the south-eastern Aegean Sea), with a maximum value of 0.69 (Figure 8) . In the central and eastern Mediterranean, the alien to native species ratio is much lower.
DISCUSSION
The evidence herein provided demonstrates how human activities and interventions (shipping, aquaculture, opening of the Suez Canal) modify large-scale biodiversity patterns in the Mediterranean Sea by assisting biological invasions. In the Mediterranean Sea, a northwestern-to-southeastern gradient of native species richness is observed, although this could be, at least partly, due to gaps in our knowledge of the biota along the southern and eastern rims (Figure 7 ; Coll et al., 2010 Coll et al., , 2012 Bianchi et al., 2012) . Native biodiversity is generally higher in coastal and shelf waters in most groups of both vertebrates and invertebrates, with some local exceptions. Similarly, alien species are concentrated in coastal and shelf waters. Very few alien species have been reported in offshore areas, which may be explained by the thriving of shallow-water thermophilic demersal aliens, or because important vectors of alien species (ships and aquaculture) operate in shallow waters, but also due to the reduced sampling effort off-shore . However, the opposite (in relation to native biodiversity) basin-wide trend of alien species richness is observed, decreasing from southeast to northwest. Biodiversity patterns are substantially modified, and locally the induced change in species composition, abundance and richness can be even more marked. For example, in the Thau Lagoon (Figure 4) at least 58 introduced macrophytes have been identified, representing 32% of the species diversity and 48-99% of the macrophyte biomass on hard substrates (Boudouresque et al., 2011) . In several hotspot areas, alien species now constitute a substantial part of the communities and have in many cases caused a shift to novel habitats, with an entirely modified ecosystem functioning (Katsanevakis et al., in press ). Species richness per 10 × 10 km cell is generally markedly higher for Lessepsian species than for species introduced by shipping or aquaculture. In the eastern Mediterranean (Levantine Sea), this high richness of alien species is highly reflected also in terms of total biomass and community
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structure. The proportion of alien fish in trawl catches along the Levantine continental shelf has been increasing, reaching 54% in abundance and 55% in biomass (84 and 66%, respectively for the 15-30 m depth stratum) (Edelist et al., 2013) . Most of the alien species that are established in the Mediterranean Sea were introduced in the last decades. Less than 200 alien species were introduced in the Mediterranean before 1950, while >800 species have been introduced after that date (Zenetos et al., 2012) . Hence, the observed large-scale change of biodiversity patterns in the Mediterranean is a phenomenon that has been evolving mainly during the last century. This unprecedented change has been greatly driven by the opening of the Suez Canal in 1869 and its continuous enlargement, but also by the increasing seaborne trade, responsible for many shippingmediated introductions, and the intentional introduction of alien commodity species (and, unintentionally, of contaminant species) for aquaculture Nunes et al., 2014) .
Herein, we focused on species richness as an indicator of biodiversity, as is common in the ecological literature (May, 1995; Bianchi and Morri, 2000) . Alien species richness and the ratio between alien and native species (Figure 8) were used as indicators of biodiversity change and impact. Another indicator that has been previously used is the change in the intensity of spatial congruence between alien and endemic fauna (Ben Rais Lasram and Mouillot, 2009 ). However, in many cases these indicators are not the best to indicate biodiversity change or impact. Some individual keystone and high-impact alien species can have a much more severe impact than dozens of other non-invasive aliens. For example, the two herbivore rabbitfish Siganus luridus and S. rivulatus have radically altered the community structure and the native food web of the rocky infralittoral zone in the eastern Mediterranean, through overgrazing. They are able to create and maintain barrens (rocky areas almost devoid of erect algae) and contribute to the transformation of the ecosystem from one dominated by lush and diverse brown algal forests to a degraded one dominated by bare rock and patches of crustose coralline algae (Sala et al., 2011; Giakoumi, 2014) . The largescale and severe impact of these two species in the shallow rocky shores of the eastern Mediterranean is probably greater than that of the other alien fish in the Mediterranean altogether, which is not depicted by a species richness indicator. Similarly, a few very invasive macroalgae can dominate algal assemblages creating homogenized microhabitats, greatly impacting native communities. This is the case of the invasive green alga Caulerpa cylindracea, which can easily overgrow and eliminate other macroalgal or invertebrate species and may form compact multilayered mats up to 15 cm thick that trap sediment and may create an anoxic layer underneath (Klein and Verlaque, 2008; Katsanevakis et al., in press ). Several biotopes, such as Mediterranean communities of sublittoral algae and coralligenous communities, are affected by C. cylindracea, which smothers indigenous populations, outcompetes native communities, and diminishes the structural complexity and species richness. This species alone can have much greater impact than dozens of other non-invasive alien macrophytes, which again is not evident in an alien species richness indicator. The ecosystems of many regions of the Mediterranean Sea have been substantially modified (Boudouresque et al., 2011; Sala et al., 2011; Edelist et al., 2013) . Especially Lessepsian migration is considered as the most significant biogeographic change currently underway worldwide (Bianchi et al., 2012) . Although so far there are no recorded basin-wide extinctions of native marine species in the Mediterranean, there are many examples of local extirpations and range shifts concurrent with alien invasions (Galil, 2007) . Hence, γ-diversity has increased in the Mediterranean by >5% due to the overall increase of species richness, while α-diversity has locally decreased in some cases (see the Siganus spp. example above) and increased in others because of the habitat-specific increase of species richness. However, there is no evidence so far of extensive basin-wide taxonomic homogenization of the Mediterranean biota due to biological invasions. There are marked differences in the introduced biota among ecoregions (Figure 6) , which is more intense for Lessepsian and aquacultureintroduced species. Hence, at a Mediterranean scale, communities are continuously changing but there is no sign of a reduced degree of heterogeneity across ecoregions. This may not be the case at smaller scales (e.g., among habitats within an ecoregion), possibly leading to an important decrease of β-diversity within ecoregions. The effect of biological invasions on β-diversity is greatly dependent on scale (Olden, 2006) and needs further investigation.
The future of the Mediterranean Sea biota is difficult to predict. During the past two decades, Mediterranean waters have been warming at a rather high rate, especially in the eastern region, and this trend is predicted to continue in the longterm influencing biogeochemical cycles and ecosystem functioning (Durrieu de Madron et al., 2011; Macias et al., 2013) . The sea surface temperature contours are shifted northwards and the boundaries of Mediterranean ecoregions are expected to change substantially. Warming of the Mediterranean Sea favors the establishment and spread of thermophilic species, such as most of the Lessepsian migrants (Bianchi, 2007; Bianchi et al., 2013) . The high incidence of alien species of tropical affinity and origin is driving the eastern Mediterranean biota toward a phase of "tropicalization" (Bianchi and Morri, 2003) . At least in the Levant Basin, environmental conditions are favorable for communities of Indo-Pacific hermatypic corals, and the arrival and establishment of the first reef builders and a great diversity of associated fish and invertebrates is probably only a matter of time (Por, 2009) .
A better understanding of how the human-shaped new biodiversity patterns will affect the Mediterranean food webs, ecosystem functioning, and the provision of ecosystem services for the benefit of humans is challenging (Borja, 2014) but urgently needed. A possible way to assess this is through the employment of ecosystem models, which in the last decades have been increasingly used worldwide to evaluate ecosystem structure and functions and the impacts of human activities on marine systems (e.g., Christensen and Walters, 2004; Shin et al., 2004; Fulton, 2010) . Despite the ability of some ecosystem models to provide useful indicators to address biological invasions, gaps still remain in relation to the understanding of role/impact of alien species in the food web (Piroddi et al., under review) . Thus, future studies should be set up and carried out to assess and better understand alien species in an ecosystem context.
Alien species often benefit some components of native biodiversity and can enhance or provide new ecosystem services (Katsanevakis et al., in press ). In marine regions subject to rapid change, such as the Mediterranean Sea, introduced species may even secure ecosystem processes and functioning (Walther et al., 2009) . It is unknown if the future Mediterranean ecosystems will be more resilient, and may continue to provide the same ecosystem services, but it is likely they will be very different than the past ecosystems before the major wave of biological invasions of the last century.
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